In the general setting of the problem, the explicit compact formulae are derived for the pondero- 
I. INTRODUCTION
In macroscopic electrodynamics, there is no generally accepted definition of the ponderomotive forces. Usually this problem is bound up with the definition of the energy-momentum tensor of electromagnetic field in a medium, with presupposing the ponderomotive force being equal to the four-dimensional divergence of this tensor and with taking into account the Maxwell equations. Up to now the use of the theoretical argumentation did not allow one to define uniquely the energy-momentum tensor in medium. Therefore when analyzing the ponderomotive force, the working formulae are useful which are derived by making use of the different versions of this tensor. It is this problem that is considered in the present paper. We derive compact 3-dimensional vector formulae for ponderomotive forces in the case of moving media by making use of the electromagnetic energy-momentum tensor in the Minkowski form and in the Abraham form. These tensors proposed more than one century ago are the most popular and are often discussed [1] [2] [3] . In the framework of other approaches 2 they are treated as distinctive "fulcra" (see, for example, Ref. [4] ).
We do not touch the problem of determining the 'correct' energy-momentum tensor in macroscopic electrodynamics and the Abraham-Minkowski controversy. There is a large body of the literature on this subject, see, for example, the reviews [1, 2, [5] [6] [7] and references therein.
In macroscopic electrodynamics, the important role is played by the constitutive relations between field vectors. Only due to these relations the formal scheme of this theory acquires the physical content [8, Sec. 39] . We shall use the constitutive relations in the form derived by Minkowski . The values of the vectors E, H, D, B and the velocity of the medium v, v < c, which satisfy the constitutive relations will be refereed to as the physical configuration space Γ in contrast to the whole unrestricted configuration space Γ. In practical calculations aimed at the obtaining of the final physical results, one assumes that the constitutive relations will be eventually used. Therefore in deriving the formulae for the ponderomotive forces it makes sense to take into account, aside from the Maxwell equations, the constitutive relations too.
Minkowski [9] and Abraham [10] [11] [12] proceeded just in this way. This simplifies essentially the ultimate formulae for moving media, however the realization of this task turns out to be rather complicated.
In the general case, the ponderomotive forces include those of two types, the Lorentz force experienced by free charges and currents, and the forces exerted by electromagnetic field on a medium. When deriving the Lorentz force from the divergence of the energymomentum tensor, the Maxwell equations are used. The remaining part of the divergence is transformed with allowance for the constitutive equations resulting in the formulae for the ponderomotive forces defined on Γ.
As known, in the case of a medium at rest the Abraham energy-momentum tensor gives an additional, as compared with the Minkowski approach, term for the ponderomotive force, the so-called Abraham force. This force is different from zero only for the external field dependent on time. In the case of moving media the difference between the Abraham approach and Minkowski approach turns out to be more substantial because the Abraham energy-momentum tensor, in contrast to the Minkowski tensor, depends explicitly on the medium velocity. For practical use, it makes sense to derive such formulae for ponderomotive forces in which this distinction is shown clearly and the formulae themselves are simple as much as possible. Further we shall call the difference between the ponderomotive forces in The making use of a special representation for the Abraham energy-momentum tensor on Γ, which is the most close, in structure, to the Minkowski tensor, will enable us to obtain a compact formula for the Abraham force in the case of moving media with an arbitrary dependence of the medium velocity on the coordinates and time and for the time dependent external electromagnetic field.
Before beginning the calculation of the ponderomotive forces, we consider the physical reasoning which is adduced in favour of defining these forces through the divergence of the energy-momentum tensor of electromagnetic field in medium. In particular, it will be shown that this argumentation is insufficient for defining this tensor uniquely.
The layout of the paper is as follows. In Sec. II, the Minkowski electrodynamics of moving media is briefly stated. In Sec. III, the physical reasoning is retraced which leads to the definition of the 4-vector of the ponderomotive force in terms of the divergence of the electromagnetic energy-momentum tensor in medium. In Sec. IV, the formulae for the ponderomotive forces are derived on Γ in the framework of the Minkowski approach.
The general setting of the problem is considered, namely, nonhomogeneous moving medium with arbitrary dependence of its velocity on coordinates and time and the nonstationary external electromagnetic field. In addition, the macroscopic Lorentz force is found here which is exerted by external electromagnetic field on the conduction current in a medium, the covariant Ohm law and the constitutive Minkowski relations being taken into account. In Sec. V the different representations of the Abraham energy-momentum tensor on Γ are discussed. In Sec. VI the formulae are derived for the ponderomotive forces in the Abraham approach. For that a special representation of the Abraham tensor is employed which is the most close, according to its structure, to the Minkowski energy-momentum tensor on Γ. In Conclusion (Sec. VII) the obtained results are briefly summarized. In Appendix A in the framework of the electrodynamics in vacuum, the interrelation is traced between the ponderomotive forces (in the present case between the Lorentz force) and the energymomentum tensor of electromagnetic field in vacuum. In Appendix B, the explicit formula is derived for the vector W the making use of which enables one to represent, in a compact form, the ultimate formulae for the ponderomotive forces on Γ.
We use the following notations. The coordinates x α in the Minkowski space have a pure 4 imaginary time component: x α = (x 1 , x 2 , x 3 , x 4 = ict) = (x, ict). The Greek indices take values 1, 2, 3, 4, whereas the Latin indices assume the values x, y, z or 1, 2, 3; the summation over the repeated indexes is understood in respective range. The unrationalized Gaussian units are used for the electromagnetic field and the notations generally accepted in macroscopic electrodynamics [13] are adopted.
II. MINKOWSKI MACROSCOPIC ELECTRODYNAMICS OF MOVING MEDIA
We shall consider the electromagnetic field in a material media in the framework of the Minkowski phenomenological electrodynamics [8, . Here we give the basic equations defining this theory. The electromagnetic field in a medium is described by the macroscopic Maxwell equations
In a covariant form these equations read 
It is convenient to represent Eqs. (2.5) and (2.6) in a short notation, explicitly indicating the 3-dimensional vectors, which define the components of the antisymmetric tensors [9, 14, 15] :
In the general case, the current density in nonhomogeneous Maxwell equations (2.2), (2.4)
is the sum of two terms, the density of the conduction current and the density of convection current (see Eq. (2.22) and further). The total current density j α satisfies the continuity
which entails the conservation of the charge. Equation (2.9) is the consistency condition of the Maxwell equations (2.2), (2.4).
The Maxwell equations (2.1)-(2.4) and continuity equation (2.9) constitute a formal mathematical scheme, which is not filled with the physical content yet. Indeed, the number of these equations in the material medium and in vacuum is the same, whereas the number of the field functions in a medium is two times as large as compared with vacuum. Further, the equations in question do not contain the material characteristics of medium. These problems are removed by introducing the constitutive relations which play an important role in macroscopic electrodynamics.
We shall consider a linear isotropic medium without temporal and spatial dispersion with the constitutive relations
(medium at rest). In order to generalize (2.10) to moving medium, Minkowski introduced the Lorentz vectors E α , D α which in the co-moving reference frame, K ′ , where the medium is at rest (v ′ = 0), have the components
The prime implies that the respective quantity is considered in the co-moving frame. Obviously conditions (2.11) determine the vectors E α , D α and H α , B α uniquely. Minkowski [9] constructed for these vectors the explicit formulae (see also [5, 15, 16] )
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Here u α is the 4-velocity of the medium 14) and F * αβ and H * αβ are the tensors which are dual to the tensors F αβ and H αβ respectively: 
and at q = 0 satisfy condition (2.11). In the covariant form the constitutive relations (2.10) are written as The material relation for the current density (2.8) is derived in a similar way [9] . As noted above, in the general case the current density j µ is the sum of the density of conduction current and the density of convection current,
In the co-moving frame K ′ , where the medium is at rest (v = 0), these densities, by defini- For simplicity, we introduce the notation [17, 18] 
In the rest frame, we have for the total current (2.22)
By making use of the Lorentz transformations the total current (2.22), in an arbitrary inertial reference frame K, can be found through its components (2.26) in the rest frame.
We accomplish this transformation separately for the conduction current (2.23) and for the convection current (2.24) . In the first case we have
where
Here we have employed the Lorentz transformation for the case, when the velocity v of the co-moving frame K ′ relative to the inertial reference frame K has arbitrary orientation [19] , [8, Sec. 4] , [20] , [5, Chap. IV] . The spatial coordinate axes in K and K ′ are parallel.
Taking into account the explicit form of the conduction current j cond (2.28), one can easily be convinced that in Eq. (2.29) the product γj 0 may be substituted by j cond .
Application of the Lorentz transformation specified above to the 4-vector (2.24) yields
where ρ conv = γρ 0 is the density of the convection charge in an arbitrary inertial reference frame, ρ conv v = j conv is the density of the convection current in this system, and u µ is the 4-velocity of the medium (2.14). Multiplying (2.30) by u µ , we obtain
On account of condition (2.23) the conduction current is orthogonal to the 4-velocity of the medium
therefore the convection current in Eq. (2.31) can be substituted by the total current
Now Eq. (2.30) for convection current can be rewritten in the following way
Substituting (2.34) in (2.22), we obtain
Obviously the conduction current defined in this way satisfies condition (2.23).
The derived formulae enable us to deduce the material relation for current [9] . In the co-moving frame the Ohm law reads
where λ is the conductivity of the medium.
Evidently, the covariant extension of this formula is given by 
Substituting in Eq. (2.37) the explicit expression for the Lorentz vector E µ , we obtain 
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In the sequel we shall also use the covariant generalization of the 3-dimensional Poynting
This generalization was constructed by Minkowski [9, pp. 34,35] with the name Ruh-
One can easily be convinced that in the co-moving reference frame, where u α = (0, 0, 0, i), the vector (2.43) has the components
For simplicity we shall call the vector Ω µ by Minkowski vector.
We shall also use the 4-vector Ω µ , which is obtained from the Minkowski vector Ω µ (2.43)
by the substitution
On the analogy of (2.43) the vector Ω µ is defined by the formula
In the co-moving reference frame the 4-vector Ω µ has the components
Obviously the vectors Ω µ and Ω µ satisfy the condition
Closing this Section, one can say briefly that the constitutive relations take into account the influence of the media on the electromagnetic field. 2 In order to be complete, the macroscopic electrodynamics should be able to predict the action of the external field on the media, because the electromagnetic field itself is manifested, on the physical level, only through this action, or more precisely through ponderomotive forces, which are experienced by charges, currents, and media.
In macroscopic electrodynamics [13] , it is generally accepted the point of view, formulated first by Lorentz, according to which the macroscopic equations of electromagnetic field inside a medium should be obtained as a result of the averaging, over the physically infinitesimal volume, of the corresponding microscopic equations in vacuum with allowance for the pointlike charges and currents forming a medium. In this approach, all macroscopic forces which are exerted by external electromagnetic field on macroscopic charges and currents, are the result of averaging of the microscopic Lorentz forces acting in vacuum on microscopic charges ρ micro and j micro :
A line just above the letter denotes the aforesaid averaging; e and h are the strengthes of microscopic electric and magnetic fields, respectively. Microscopic fields include intermolecular fields and external field. The microscopic charges and currents are usually divided into bound and free. It is natural to carry out this separation in the rest frame K ′ :
The averaging in Eqs. (3.2) and (3.3) yields evidently the following result: Let us assume further that the separate multipliers in Eq. (3.1) can be averaged independently. 4 Taking into account definitions e = E, h = B and Eqs. (3.4), (3.5), we obtain only the macroscopic Lorentz force applied to macroscopic charges and currents in the co-moving
The covariant generalization of the macroscopic Lorentz force (3.6) is apparently given by
where the current j α = {j, icρ} is the sum of the convection current and conduction current (see Eqs. (2.22), (2.27), (2.30)).
At the end of Sec. IV, the macroscopic Lorentz force will be derived separately for the convection current and for the conduction current; in the latter case we will take into account the covariant generalization of the Ohm law (2.37) and Minkowski constitutive relations.
Thus the simple "naive" averaging of the microscopic Lorentz forces does not grasp the mechanical forces exerted by external electromagnetic field on the medium. More sophisticated averaging procedures require specification of the microscopic (molecular or atomic) structure of the medium and the results of such averaging turn out to be dependent on the chosen microscopic model (see, for example, [5] ).
Taking into account all of this, one has to follow indirect way.
When the dielectric 5 is placed in an external electrostatic field E, the volume density of the respective ponderomotive forces f (e) is given by the formula [21] [22] [23] f (e)
where ρ is the macroscopic charge density (see the second equation in (2.2)), τ is the medium density. This formula is derived by calculating the work accomplished by the electromagnetic field in dielectric by virtual displacement of the medium [21] [22] [23] .
Fully similar one can derive the ponderomotive force exerted by the static magnetic field on the magnetic [21] [22] [23] 
Here j is the macroscopic current density (see the first equation in (2.2)).
The last terms in Eqs. (3.8) and (3.9) are the volume densities of electric striction and magnetic striction forces, that do not contribute to the net force applied to a macroscopic body. Therefore we will disregard striction forces in what follows and assume that the volume density of the ponderomotive force for static field is defined by
5 Until the end of this Section, the medium is considered to be at rest.
The first two terms on the right hand side of Eq. (3.10) is the macroscopic Lorentz force (3.7), exerted on charges and currents. The last two terms on the right hand side of (3.10) define the ponderomotive forces which are exerted by external electrostatic field E and by external magnetic field H on the medium. Ultimately we are interested just in these forces, but in intermediate calculations it is convenient for us to retain in (3.10) the Lorentz force (3.7) too.
In the textbooks [21] [22] [23] it is proved that the ponderomotive force (3.10) caused by static electromagnetic field can be reduced to the Maxwell tensions
where σ ik is the Maxwell stress tensor of electromagnetic field in medium
In order to verify Eq. A consistent, physically motivated derivation of the formula for ponderomotive forces in macroscopic electrodynamics is restricted to the static external fields. To extend the obtained expression to the case of time dependent fields and cast it into explicitly covariant form one has to resort to some assumptions and use the analogy with electrodynamics in vacuum.
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Following this way, we assume preliminary that the density of ponderomotive force, f, equals σ also in the case of time-dependent external electromagnetic field. We substitute again (3.12) into (3.11) and take advantage of the complete Maxwell equations (2.1)-(2.2) and the constitutive relations (2.10). This yields
The obtained formula contains an additional, in comparison with (3.10), term ∂ ∂t
[DB] (3.14)
6 Difficulties emerged in deriving the ponderomotive forces exerted on a medium and caused by timedependent external electromagnetic field are substantiated. The point is the static electric and magnetic fields can be, in principle, treated proceeding from the conception of action at a distance (instantaneous transmission of interaction). In contrast to this, the time-dependent fields result in a finite velocity of propagation of electromagnetic interaction. Here the idea of a short-range interaction is adopted, which is based on the notion of a field playing the role of a physical carrier of interaction.
caused by the time-dependence of electromagnetic field. In the case of vacuum the right-hand side of (3.13) should obviously contain only the Lorentz force (3.6). the Lorentz force (3.6), exerted on charges and currents in vacuum, can be represented in the following form:
Here σ vac is σ calculated in vacuum, i.e., setting D = E and B = H (see Eqs. (3.11), (3.12)), and g vac is the momentum density of electromagnetic field in vacuum
[EH] . In view of all this, the volume density of ponderomotive force, Eq. (3.13), exerted by the time-dependent external electromagnetic field on a medium, is generalized in the following way: 18) where g is the linear momentum density of electromagnetic field in medium.
Unfortunately there is no generally accepted expression for the electromagnetic momentum density in a medium g. In this field, fruitless argument is already going on more a century. In most cases, the attention is payed to the definitions of g proposed by Minkowski
and by Abraham in their time [8, Sec. 35] . It is these versions that will be considered in the present paper.
IV. PONDEROMOTIVE FORCES IN THE MINKOWSKI APPROACH
Minkowski [9] defined electromagnetic momentum density in a medium by the formula 
3)
It will be recalled that a medium at rest is considered and in deriving Eq. In order to recast Eq. (4.2) into covariant form one has obviously to extend the Maxwell 3-dimensional stress tensor (3.12) to the 4-dimensional stress-energy-momentum tensor.
Minkowski [9] defined the energy-momentum tensor of electromagnetic field in a medium in the following form:
By analogy with electrodynamics in vacuum (see Eq. (A4)), formula (4.2), in a covariant form, is written as
The individual components of the tensor T M αβ , defined in (4.4), are given by the formulae
where On substituting (4.4) into (4.5), we get
Here we have taken advantage of nonhomogeneous Maxwell equations (2.4). Further we transform the first term on the right-hand side in the last equality in (4.11)
When deriving the last equality in (4.12) we have used the homogeneous Maxwell equations (2.3). The substitution of (2.3) into (4.11) yields 
14)
These relations can be easily checked in the co-moving reference frame K ′ , where u ′ γ = (0, 0, 0, i), and by virtue of their covariance they are valid in an arbitrary inertial reference frame K.
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In (4.14) and (4.15) we take into account the constitutive relations (2.18) and (2.19)
Here the notations are introduced
On substituting (4.16) and (4.17) into expression in round brackets in Eq. (4.13) we get
where the vector N α is 20) Obviously N α = 0 if the velocity u β is the same at any points of a medium, i.e., u β,α = 0.
Indeed, in this case the velocity u β in (4.20) can be taken out of the differentiation sign and each term will contain the multiplier ε µνρσ u ν u ρ . . . which vanishes. Now let the medium velocity be varying in space and in time. In this case a nonvanishing contribution to (4.20) arises only when the differentiation operator ∂ α acts on the medium velocity but not on the vectors E ν and H µ (see definitions of E µν and H µν in (4.18)). Taking into account all this, one finds easily
where Ω ν is the Minkowski vector (2.43). Substitution of (4.21) into (4.20) gives 
In this definition the factor γ −1 is introduced which is canceled in subsequent equations where (εµ − 1)Ω α is multiplied by u β . Now Eq. (4.22) assumes the form
On the physical configuration space Γ, the vector W is given by (see the Appendix B)
It is worth noting that the medium characteristics ε and µ do not enter into this formula explicitly. Substituting (4.19) and (4.24) in (4.13), we obtain on Γ the final compact formula for the ponderomotive forces in the Minkowski approach
where the Lorentz vectors E ν and H ν are defined in (2.12) and (2.13).
Let us write down separately the spatial and temporal components of the 4-force f M α defined in (4.26), • This formula does not contain the derivatives of the field vectors E, H, D, and B.
• If the medium is homogeneous (ε ,k = 0, µ ,k = 0) and its velocity is the same at all medium points (q ,k = 0), then the ponderomotive force vanishes.
It should be emphasized that we succeeded in revealing these features of the force f M just because the calculation was carried out on the physical configuration space Γ.
To make presentation complete, we write down, in an explicit form, the Lorentz force (the first term on the right-hand side of Eq. ).
In the first case, with allowance for Eq. (2.30), we obtain
where ρ 0 is the density of convection charges in the co-moving reference frame (2.24), (2.25).
In deriving the Lorentz force experienced by the conduction current we take first into account the covariant Ohm law (2.37)
And now we take advantage of the representation (4.16) for the tensor F αβ , which holds on Γ,
where Ω α is the Minkowski vector (2.43). In the rest frame we have Abraham was guided by the symmetry requirement imposed on the energy-momentum tensor in a medium. He has constructed his tensor taking into account the Minkowski constitutive relations, i.e., on Γ [10] [11] [12] .
Considerably later the explicitly covariant representation for the symmetric energymomentum tensor was found which holds on the whole configuration space Γ [25] , [5] , [6, 7] , [3] . The equivalence on Γ of the covariant representation and the original 3-dimensional
Abraham formulae was proved in Ref. [3] .
Here we derive the original Abraham formulae, which will be used further, proceeding from the covariant representation for the energy-momentum tensor. The Abraham derivation of the energy-momentum tensor is traced in detail in Ref. [3] .
The explicitly covariant symmetric energy-momentum tensor of electromagnetic field in a medium T sym αβ is defined by the formulae [3] :
Here Ω α and Ω β are the Minkowski vectors (2.43) and (2.46), respectively. By making use of the values of these vectors in the co-moving reference frame K ′ (Eqs. (2.44) and (2.47)) one can easily show that the tensor (5.1)
It will be recalled that we mark by prime the quantities in the co-moving reference frame K ′ .
Conditions ( (5.2) plays a key role (this formula was derived in Ref. [3] ).
The tensor T sym αβ (5.1) is defined on the whole configuration space Γ while Abraham has derived his formulae with allowance for the constitutive relations, i.e., on Γ. Thus we have to take into account the Minkowski material relations (2.18), (2.19) in Eqs. (5.1)-(5.3) . It is worth noting that Abraham used the Minkowski constitutive relations specifically. Namely, they were not employed to express one pair of field vectors E, H, D, and B in terms of the rest pair, but a special formulae were used which contain all the vectors E, H, D, B, v, and the material characteristics of the medium ε and µ, these formulae being valid only under fulfilment of the Minkowski constitutive relations, i.e., on Γ. An important example of such formulae is the equality (B1), proved in the Appendix B, and the following relations which is also valid on Γ:
Equation ( 
Adding and subtracting the left-hand sides and the right-hand sides of these equations we obtain on Γ :
Following in this way, one can also obtain other representations for the Abraham energymomentum tensor on Γ [3] . The introduction of the vector W (Eq. (4.25)) through the substitution (4.23) removes the explicit dependence on εµ in tensors T Ai αβ , i = 1, 2, 3. By making use of the vector W, Abraham derived explicit formulae, in terms of the 3-dimensional vectors, for all the components of the tensors (5.9) and (5.13) (see respectively Refs. [12] and [10] as well as our paper [3] ). However we shall not use these 3-dimensional vector formulae further. In calculation of the ponderomotive forces in the Abraham approach we will employ Eq. (5.13).
It is worthy to note that Eqs. (5.9), (5.13), and (5.14) for the Abraham tensor were constructed by Grammel [26] . Possibility of representing the Abraham tensor in different forms, not all of them being explicitly symmetric (see Eqs. (5.13) and (5.14)), is explained by a restricted domain of their validity, namely, they hold only on Γ.
VI. PONDEROMOTIVE FORCES IN THE ABRAHAM APPROACH
At the outset we envisage the medium at rest and take advantage of Eq. (3.18) . Following the requirement of the symmetry of the energy-momentum tensor, Abraham defined (in fact postulated) the momentum density of electromagnetic field in a medium in the form
[EH] (6.1) (see Eq. (5.6)). As a result, the additional term (3.14) in Eq. (3.18) is not canceled and we
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The last term in this formula is the Abraham force [13, § 75]. We introduce a special notation for this term 
In the rest frame K ′ we have An interesting result obtained in this paper is also the derivation of the Lorentz force which is exerted by external electromagnetic field on the conduction current in a medium.
In deriving the formulae (4.31) and (4.32) for this force the covariant Ohm law and the constitutive Minkowski relations were taken into account.
Appendix A: Ponderomotive forces in vacuum
The electric charges (with density ρ ) and currents (with density j ), placed in vacuum, experience the Lorentz force
from electromagnetic field F µν created by these charges and currents. In Eq. (A1) j ν = (j, icρ) and tensor F µν is obtained from (2.5) by substituting H k in place of B k . All the charges and currents we treat on the same footing without dividing them into those involved in the system under consideration and external ones with respect to this system. In addition, we
Taking into account the Maxwell equations in vacuum
we can represent the Lorentz force (A1) as the 4-divergence of the energy-momentum tensor of electromagnetic field in vacuum [14, 24] 
Let us prove this assertion. Substitution of (A5) into (A4) gives
The first term on the right-hand side of (A6) we transform by making use of Maxwell's equations (A2) and (A3)
Substitution of (A7) in (A6) results in the Lorentz formula (A1)
These equalities can be interpreted in the following way. Two expressions for the Lorentz force presented in (A8) are equivalent with allowance for Maxwell's equations (A2), (A3).
Let us write down the components of these expressions for the Lorentz force. To this end it is convenient to use the standard notations for the individual components of the energymomentum tensor T µν (A5):
Here S P is the Poynting vector (2.42).
On substituting (A9) in (A8), we get
where σ ≡ (σ 1 , σ 2 , σ 3 ), σ i = σ ik,k . For brevity the subscript vac is omitted in this Appendix.
The foregoing reasoning devoted to the derivation of Eq. (A8), proceeding from the given form of the energy-momentum tensor (A5), can be inverted, namely, one can find the energy-momentum tensor (A5), requiring the fulfilment of the second equality in Eq. (A8) with allowance of the Maxwell equations. Let us prove this assertion. We replace in (A8) the current j λ by making use of nonhomogeneous Maxwell's equations (A3):
Further with the help of homogeneous Maxwell's equations (A2) we can write 
Obviously tensor T µν in the form (A5) satisfies Eq. (A17).
Thus one can conclude that the expression for the Lorentz force (A1) and the explicit form of the energy-momentum tensor of the electromagnetic field in vacuum (A5) (the Lorentz theory of electrons) are equivalent in the meaning specified above.
In the macroscopic electrodynamics (in the theory of electromagnetic field in a medium) the situation is essentially different. As was noted in Section III, it does not turn out 
First we prove this equality by the method different from that used in Ref. [15] , namely, we demonstrate that on Γ the right-hand side of (B1) transforms into the left-hand side of this formula. To this end we employ the representations (4.16) and (4.17) for the tensors F αβ and H αβ which are valid on Γ:
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where E µν and H µν are determined in (4.18). Substitution of (B2) into the right-hand side of (B1) yields F αγ H γβ − F βγ H γα | Γ = (E αγ + iµH αγ )(εE γβ + iH γβ ) − (α ↔ β)
= εE αγ E γβ − µH αγ H γβ + iεµH αγ E γβ + iE αγ H γβ − (α ↔ β) .
Two first terms in the right-hand side of (B3), which are symmetric with respect to indexes α, β, are canceled with the analogous terms in the expression denoted by (α ↔ β). Therefore it needs to calculate explicitly only the product E αγ H γβ . With the help of the definitions (4.18), we obtain
where Ω β is the Minkowski vector (2.43). Substitution of (B4) in (B3) gives
Thus the equality (B1) is proved. 
